Abstract: Experimental studies in various aspects have to be conducted to maintain stable applications of super duplex stainless steels (SDSS) because the occurrence rate of sigma phase, variable temperature and growth direction of sigma phase can influence mechanical performances of SDSS. Tensile tests of precipitated SDSS were performed under various temperatures to analyze mechanical and morphological behavior.
Introduction
Duplex stainless steel (DSS) is a family of stainless steels having intermetallic microstructure consisting of austenite and ferrite phases, which have superior machinability and corrosion resistance, respectively. It is well known that DSS has some superior features such as excellent corrosion resistance and high strength. DSS also has higher pitting resistance equivalent numbers (PREN) than austenitic stainless steels despite of the lower nickel alloy ratio [1] [2] [3] [4] .
DSS has been widely being used in gas and oil fields. In particular, the high PREN and strength of DSS makes it suitable for harsh industrial fields [5] [6] [7] . Super duplex stainless steels (SDSS) are defined as the subset of duplex stainless steels that have a PREN greater than 40. The attractive OPEN ACCESS combination of mechanical strength and corrosion resistance has led to an increasing number of SDSS applications in harsh environments, mainly in the petrochemical and offshore industries such as pipes, pumps, pressure vessels, separators, and heat exchangers. However, the mechanical and corrosion performance of SDSS can be degraded by undesired phases such as coarse grains and extensive precipitation from the melting and rapid solidification in fusion welding processes. In particular, an inappropriate phase called the sigma phase is fatal to the mechanical performance because it renders SDSS brittle [8] [9] [10] . SDSS contains a higher alloying element content than DSS and has a superior corrosion resistance and mechanical performance. However, the sigma phase is more easily generated as the higher level of alloying elements such as Cr and Mo accelerate the kinetics of precipitation [11, 12] . Hence, many studies related to effect of sigma phase in DSS and SDSS have been conducted, but most studies of SDSS are focused on only the relationship between the volume fraction of precipitation and the mechanical or corrosive properties [13, 14] . However, microcracks have been caused by tensile load in sigma precipitation, it has to be analyzed as the crack has been developed to only vertical direction with tensile loading direction. Hence, in this study, the crack direction and length in the precipitation were compared with the microstructure of SDSS using a scanning electron microscope (SEM).
DSS and SDSS can also be used in low-temperature regions such as chemical and petrochemical environments because it includes half of the austenite phase that acts to halt cleavage propagation dropping the ductile-brittle transient temperature (DBTT). In addition, the austenite phase in DSS or SDSS can transform into the strain-induced martensite phase below temperatures of −50 °C [15, 16] . In this context, low-temperature tests are needed for SDSS containing a certain amount of precipitation because its mechanical behavior can be changed owing to strain-induced phase transformation. Hence, it is observed how low temperature environment effects to mechanical properties and its microstructure transition of precipitated SDSS in this study.
In petrochemical and marine applications of SDSS, the foregoing situations can occur when prompt cooling cannot be properly performed after the welding process or if the cooling rate is insufficient during manufacture. Therefore, predictions of the occurrence of phase transformation and its behavior are of vital importance. Therefore, the tensile tests in this study were performed under various conditions that could occur in actual use. Borvik et al. (2010) conducted an experimental study of the mechanical behavior of precipitated DSS in low-temperature environments [17] . However, there have been few investigations on the low-temperature behavior of precipitated SDSS. Li et al. studied the mechanical properties of SDSS annealed between 500 °C and 1100 °C K for times ranging between 1 min and 60 min [18] . However, this study does not deal with the temperature effect. In this experimental study, heat treatments for precipitation and tensile tests under sub-zero conditions up to −50 °C were performed.
Experimental Procedure

Heat Treatment Process
A UNS S32750 steel was used in this experimental study, and the chemical composition of the super duplex stainless steel (SDSS) is given in Table 1 . The as-received hot-rolled steel was manufactured in a solution annealed state (at 1100 °C for 20 min with a heating rate of 1 °C /s) followed by quenching with water. The homogenized SDSS plate was subsequently cut into six SDSS plates, and each of the cut plates were heated at a rate of 1 °C /s to an isothermal ageing temperature of 850 °C . Heat treatment including solution annealing and isothermal ageing was carried out using muffle furnace. To investigate the effect of the ageing period on the microstructure of the SDSS, including the ratio of precipitation of the sigma (σ) phase, the cut plates were homogenized for 5 min, 10 min, 15 min, 30 min, and 60 min after the SDSS reached the setting temperature. One of the cut plates was not exposed to the isothermal ageing process in order to allow for comparison with the other heat-treated plates. After each heating process, the plates were quenched immediately with water. Finally, the six types of precipitated plates were manufactured into tensile specimens in accordance with KS B0801. The dimensions of the tensile specimens are presented in Figure 1 . The rod-type tensile test specimens had a gauge length of 50 mm, and 20 tensile specimens under each ageing period were obtained from each cut plate. The heat treatment processes that were applied to the tensile test specimens are summarized in Figure 2 . 
Tensile Test
A series of tensile tests were performed on the precipitated SDSS specimens at ambient and various low temperatures. Displacement control was applied to the tensile test at all temperatures, and a quasi-static strain rate of 1 × 10 −3 /s was applied. Figure 3 shows the experimental apparatus for the series of tensile tests that were conducted in the present study. A universal testing machine (UH-1000kN, Shimadzu, Kyoto, Japan) was equipped with a sub-zero chamber, which enabled the temperature to be maintained in a range of −200 °C to 100 °C for tensile testing at low temperatures. The schematic of a universal testing machine with a sub-zero chamber is presented in Figure 3a , and a photograph of the testing machine is presented in Figure 3b . Three thermometers were installed in the sub-zero chamber to measure the internal temperature of the chamber. In order to maintain the setting temperature, a digital temperature controller was used to adjust the injection quantity of liquefied nitrogen gas. A cryogenic extensometer, as presented in Figure 3c , was used to measure the strain of the specimen during the tensile test. Specially, the knife edges that were produced were equipped with extensometers, which were embedded on the surface of the rod-type specimen, thus allowing the extensometer to stably hold onto the specimen. The tensile tests for the differently precipitated tensile specimens were carried out under four temperature conditions (20 °C , 0 °C , −20 °C , and −50 °C ) using the aforementioned low-temperature test apparatus. 
Characterization of the Microstructure
In order to investigate the relationship between the characteristics of the microstructure and the mechanical behavior of the precipitated SDSS under a tensile load, half of the fractured specimens were collected as samples. Microstructure analysis was then carried out. The analysis procedure, including the surface treatment of the tested specimens, is presented in Figure 4 . The fracture surfaces were grinded using #100, #200, #300, #600, #1000, #1200, #1500, and #2000 sandpapers. The ground surfaces were then polished to allow for scanning electron microscopy (SEM) characterization. A chemical etching method was performed using aqua regia (1:3 ratio of nitric acid and hydrochloric acid). A field emission-SEM (FE-SEM, SUPRA40 VP, PNUCRF, Busan, Korea) was used to characterize the microstructure. Energy dispersive X-ray spectroscopic (EDX, EDAX, Mahwah, NJ, USA) analysis was also conducted to determine the chemical composition of the various phases [19] [20] [21] . The fractional ratio of each phase was calculated based on the ASTM E562 standard [22] . Five FE-SEM images were used to determine the volume fraction of precipitation for each condition.
Figure 4.
Procedure of microstructure analysis for tested SDSS specimen.
Results and Discussion
Effect of the Isothermal Ageing Treatment
In order to investigate the effect of the isothermal ageing period on the mechanical behavior of the SDSS, the relationships between the nominal stresses and strains under different ageing periods were compared ( Figure 5) . Most cases that were tested at ambient and low temperature ranges revealed that the material properties, such as yield strength, tensile strength, and elongation, depend significantly on the ageing period. In Figure 5 , the specimens that did not undergo ageing treatment (solution annealed state) were found to have a tensile strength of over 800 MPa and elongation of over 0.4. The yield strength and tensile strength of the tensile specimens that were treated by the isothermal process increased with increasing ageing periods. However, in contrast with the relationship between the strength and ageing period, the elongation of the annealed SDSS dramatically decreased with increasing ageing periods. At all of the tested temperatures, these phenomena were distinctly observed. The necking phenomenon was also barely observed in the case where the specimens were treated within 5 min of the ageing period ( Figure 6 , tested at 20 °C ). This phenomenon was similarly observed at other test temperatures. Therefore, quantitative (elongation) and qualitative (fracture shape) test results revealed that isothermal ageing can lead to embrittlement of SDSS without effect of test temperature. In order to investigate the changes in the microstructure of the SDSS according to various isothermal ageing periods at 850 °C , microstructural analyses were carried out. Figure 7 shows representative SEM results of the strain zone of each fractured specimen with four different ageing periods at a test temperature of 20 °C . Figure 8 and Table 2 also show the EDX analysis results that indicate the chemical composition of each phase on the SDSS as measured using SEM. In the case of a 5-min ageing period, the σ phase did not grow sufficiently as shown in Figure 7a . The flow stress of the tensile test specimen, which was aged for 5 min, increased because the small particles of the σ phase acted as reinforcements in the matrix of the α and γ2 phases. Therefore, the tensile specimens aged for 5 min increased the strength more than other cases except for over 30 min in spite of loss in ductility when compared with the initial solid heat-treated state as shown in Figure 5 . After ageing for more than 5 min at 850 °C , the σ phases precipitated and grew with prolonged the duration of the ageing period. As shown in Figure 7a , σ, χ, and the newly generated γ phases were precipitated together. The γ3 particles that were situated in the intervals of the σ phase were generated by nickel enrichment. The grains of the σ and γ2 phases were stable, and the size of those grains increased with increase in the ageing period. The α and γ1 phases were bordered by the χ and σ phases and were stretched in the tensile loading direction (Figure 7) . The results of the EDX analysis presented in Figure 8 and Table 2 reveal that the σ and χ phases have relatively high molybdenum and chromium content when compared with the other phases. The measured contents of molybdenum on the σ and χ phases as well as the SDSS based on EDX analysis are 6.84, 18.92, and 4.57 wt. %, respectively. The σ and χ phases as well as the SDSS have 28.74, 25.54, and 25.49 wt. % chromium content, respectively. In accordance with the EDX analysis presented in this study, the precipitated σ and χ phases contained 6~8 and 12~27 wt. % of molybdenum and 29~31 and 17~27 wt. % of chromium, respectively, while previous research found that stainless steel contains 22~28 wt. % of chromium and 3~5 wt. % of molybdenum [23] [24] [25] . Because the σ and χ phases contain higher molybdenum and chromium content when compared with the other phases, the toughness and corrosion resistance of the other phases such as the γ and α phases deteriorated owing to the lack of molybdenum and chromium. In particular, a considerable depletion of γ3 was generated when nickel escaped from the χ and σ phases to the outside without chromium and molybdenum [26] . The volume fraction of the σ phase in the case of a 5-min ageing period was measured to be 3% based on ASTM E562 [19] .
It is known that the precipitation of the σ and χ phases by isothermal ageing heat treatment occurs in a short time at high temperature ranges. Therefore, the material degradation of the SDSS that leads to fracture also occurs prematurely. As presented in Figure 7 , the number of microcracks had dramatically increased with prolonged ageing periods. In the case of 30 min of isothermal ageing, microcracks were considerably propagated through the σ phase. The aforementioned degradation in the material toughness of the SDSS that was induced by the precipitation of the σ phase led to material fracture in spite of the higher ultimate tensile strength caused by precipitation hardening when compared to the solid heat-treated state. This phenomenon is apparently present when isothermal ageing is performed for more than 15 min at 850 °C . Based on the results of the present study, embrittlement was typically found to begin after (or before) 5 min of ageing at 850 °C .
Effect of Testing Temperature
In order to investigate the effect of test temperature on mechanical behavior of the precipitated SDSS, comparison of mechanical properties changed according to test temperature were carried out as presented in the Figure 9 . Reduction ration (Relong.) presented in Figure 9a can be defined as Relong. = (Elongation at Room Temp. − Elongation)/(Elongation at Room Temp.). Relong. of the specimen aged for 30 min is visibly increased at lower temperatures compared with others (show in Figure 9a ). The ultimate tensile stress is synthetically increased by approximately 100-120 MPa by decreasing the temperature from 20 °C to −50 °C . However, the specimens aged for 5 min exhibit different characteristics, as shown in Figure 9b . The tensile strength at 20 °C is visibly lower than others. The σ phase affects the tensile strength differently at 20 °C . The subzero tensile test is more affected by reinforcing effect induced precipitated σ phase.
Strain-induced martensite was not observed in any SEM sample. No phenomena were observed that would change the stiffening tendency while specimens were strained. The occurrence of strain-induced martensite in the austenite phase depends on the chemical composition, strain level, temperature, and strain rate [27, 28] . A higher strain rate or lower test temperature are required to observe the strain-induced martensite in SDSS, whether it is isothermally aged or not because the strain rate of the test in the present study was 1 × 10 −3 /s and the lowest test temperature was −50 °C . 
Effect of Length of the Microcrack
Microcracks propagated through the σ phases in the vertical direction with tensile load in all tests of the precipitated specimen. The crack passed through the entire σ precipitation, which means that the terminated crack length depends on the σ precipitation size (Figure 10 ). The average microcrack length of each specimen with ageing period is shown in Figure 11 . The relationship between volume fraction of the σ phase and length of the microcrack is presented in the Figure 11a . The relationship between the tensile elongation and length of the microcrack is also shown in Figure 11b . Both of those results reveal the similar trend pertaining to length of the microcrack. In accordance with those trends, the tensile elongation of precipitated specimens can be affected by the vertical length of the σ phase. A lower elongation than results of the tested specimen in this study can be measured if tensile test specimens are perpendicularly collected to the tested specimen. This is because the σ phases in the isothermally aged specimens are long in the tensile loading direction. The σ phase grows along the grain boundary in α phase and the initial phase has a long configuration in the loading direction (see Figure 1 ). The fractographies of the specimens aged for 5 min and 30 min are compared in Figure 6 . The fracture surface of the specimen aged for 5 min shows ductility by having a relatively rough surface compared with the specimen aged for 30 min. Therefore, the fracture surface is flatter for longer isothermal ageing period because occurrence of longer microcracks on the larger σ phase reduces the ductile area. 
Conclusions
The mechanical characteristics of precipitated super duplex stainless steel have been researched through tensile tests by various temperatures and SEM characterizations in this study. A 3 vol. % of σ precipitation reduces the tensile elongation by approximately half but enhances the SDSS by maintaining ductility and increasing tensile strength. It is likely to be more effective at sub-zero conditions. Microcracks in the σ phase are related to the tensile elongation and fracture surface. The size of the lateral σ surface in the tensile loading direction determines the length of the microcrack and is inversely proportional to the tensile elongation.
No strain-induced martensite was produced in tensile tests at −50 °C . The decreasing of temperature also equally affects the mechanical behavior of SDSS in the range of 3-20 vol. % as flow stresses increased with lower temperatures in a similar proportion.
Therefore, SDSS containing a σ phase content within 3 vol. % is applicable to the petrochemical industry, provided that sigma phase is grown with loading direction with the occurrence of under 5 μm in a certain application environment. However, these results should be accompanied by fatigue and corrosion tests based on each industrial load and corrosion environment.
